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A Novel Transport Pathway for a Yeast Plasma
Membrane Protein Encoded by a Localized mRNA
(Figure 1Ab). Coexpression of GFP-Ist2p and CFP-
tagged Dpm1p (Dpm1p-CFP), a resident ER protein,
showed colocalization of GFP-Ist2p and Dpm1p-CFP at
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First, we showed by carbonate extraction experi-Feodor-Lynen-Str. 25
ments with membranes from yeast cells expressingD-81377 Munich
GFP-Ist2p that Ist2p is an integral membrane proteinGermany
(Figure 1B). In membrane fractionation experiments we
separated ER and PM from cells expressing GFP-Ist2p
and Dpm1p-CFP. The majority of GFP-Ist2p cofraction-
ated with the PM protein Pma1p (Figure 1C, lane 5),Summary
but not with the majority of the ER protein Dpm1p-CFP
(Figure 1C, lane 2), suggesting that Ist2p is a protein ofGenerally, plasma membrane (PM) proteins are co-
the PM.translationally inserted into the endoplasmic reticulum
To further substantiate the localization of Ist2p to the(ER) and travel in vesicles via the Golgi apparatus to
PM, we performed two different kinds of protease pro-the PM. In the yeast Saccharomyces cerevisiae, the
tection experiments on yeast cells. Surface-exposedpolytopic membrane protein Ist2p is encoded by an
proteins of intact yeast cells can directly be digestedmRNA that is localized to the cortex of daughter cells
by externally added pronase [5]. Addition of pronase to[1–3]. It has been suggested that IST2 mRNA localiza-
cells expressing GFP-Ist2p led to the cleavage of thetion leads to the accumulation of the protein at the
120 kDa band of GFP-Ist2p into degradation fragmentsPM of daughter cells [2]. Since small- and medium-
between 60 and 70 kDa and a fragment of 40 kDa con-sized daughter cells only contain cortical, but not peri-
taining the 26 kDa GFP moiety (GFP-Ist2p*, Figure 1D).nuclear ER [4], this implies the local translation of Ist2p
This is consistent with protease cleavage of GFP-Ist2pspecifically at the cortical ER. Here, we show that
occurring at the extracellular site between the first andlocalization of constitutively expressed IST2 mRNA is
second predicted transmembrane domain.required for delivery of Ist2p to the PM of daughter,
Addition of the protease trypsin to spheroplasts ex-but not mother cells and that it does not result in
pressing GFP-Ist2p and Dpm1p-CFP led to the cleavagedaughter-specific Ist2p accumulation. In contrast to
of the 130 kDa GFP-Ist2p to the 40 kDa protease pro-a PM-located hexose transporter (Hxt1p) that follows
tected fragment (GFP-Ist2p*) (Figure 1E, lane 2). The
the standard secretory pathway, the trafficking of Ist2p
control protein Pma1p was cleaved as well (Figure 1E,
is independent of myosin-mediated vesicular trans-
lane 6), whereas the 55 kDa Dpm1p-CFP was not di-
port. Furthermore, colocalization experiments in mu-
gested indicating that the PM remained intact (Figure
tants of the secretory pathway demonstrate that traf- 1E, lane 2). Disruption of the PM in the presence of
ficking of Ist2p does not require the classical secretory trypsin led to the digestion of both the protected 40 kDa
machinery. These data suggest the existence of a GFP-Ist2p* fragment and Dpm1p-CFP (Figure 1E, lanes
novel trafficking pathway connecting specialized do- 2 and 4), whereas in the absence of trypsin GFP-Ist2p
mains of the ER with the PM. was partially degraded by the released endogenous pro-
teases (Figure 1E, lane 3). Taken together, cell fraction-
ation and protease protection experiments demonstrate
Results and Discussion that IST2 mRNA encodes an integral protein of the PM
with its N terminus exposed to the cytosol.
Ist2p Is Expressed as an Integral Plasma
Membrane Protein
To investigate the expression and localization of Ist2p, IST2 mRNA Localization Is Required for Daughter
we constructed yeast strains that expressed a func- Cell Expression of Ist2p
tional, N terminally GFP-tagged version of Ist2p (GFP- In wild-type cells GFP-Ist2p under the control of its own
Ist2p) under the control of its endogenous promoter and promoter localized to the PM of both mother and daugh-
with its endogenous 3UTR. In exponentially growing ter cells (Figure 2A). Accumulation of GFP-Ist2p in
yeast cells, GFP-Ist2p accumulated in patch-like struc- daughter cells only, as seen after induction of IST2 tran-
tures at the peripheries of mother and daughter cells scription by the strong GAL1 promoter [2], was not ob-
served, indicating that constitutive expression of IST2
mRNA does not lead to an asymmetric distribution of
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Figure 1. Ist2p Is an Integral Membrane Protein Localized in the PM
(A) Coexpression of GFP-tagged Ist2p and Dpm1p-CFP.
(B) Membranes were treated with 100 mM KOAc (LS), 600 mM KOAc (HS), 100 mM Na2CO3, or 600 mM KOAc and 2% Triton X-100 and
separated into supernatant (S) and pellet (P) fractions.
(C) Membranes were separated by centrifugation through a sucrose step gradient and fractionated from top to bottom into six fractions.
Distribution of GFP-Ist2p, Dpm1p-CFP, and Pma1p were analyzed by immunodetection.
(D) Cells expressing GFP-Ist2p were treated for 60 min at 37C with 2000 U/ml pronase. Membranes were separated on SDS-PAGE and
analyzed by immunodetection with GFP-specific antibodies. GFP-Ist2p* marks a cleavage product of GFP-Ist2p.
(E) Spheroplasts expressing GFP-Ist2p and Dpm1p-CFP were incubated with trypsin. After indicated treatment membranes were separated
on SDS-PAGE and analyzed by immuno detection with GFP- or Pma1p-specific antibodies.
To further investigate the effects of IST2 mRNA local- daughter-specific accumulation. The competence for
translating IST2 mRNA is not restricted to daughter cells,ization on Ist2p, we looked at the GFP-Ist2p distribution
in mutants with mRNA transport defects [2, 6]. In a mu- since in mRNA transport mutants GFP-Ist2p was ex-
pressed in mother cells.tant lacking the type V myosin motor required for trans-
port of mRNA containing particles (she1/myo4), GFP- Localization of IST2 mRNA is not used as a mecha-
nism to create asymmetry in protein distribution like itIst2p was almost exclusively located at the PM of mother
cells (Figure 2C). Similarly, in a mutant lacking the RNA is in the case of ASH1 mRNA [1]. However, in accordance
with results obtained by Takizawa and colleagues [2],binding protein She2p (she2), daughter cells contained
very low levels of GFP-Ist2p (Figure 2E). we observed that after strongly inducing expression of
Ist2p, the newly synthesized protein is confined toThese results show that the transport of IST2 mRNA
into daughter cells is a prerequisite for Ist2p expression daughter cells, suggesting that IST2 mRNA transport is
rather used to ensure synthesis of Ist2p at specific sites.in small- to medium-sized daughter cells, but not for
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for the asymmetric distribution of newly synthesized
YFP-Ist2p and Hxt1p-CFP under these experimental
conditions. As shown for endogenous levels of Ist2p,
induced YFP-Ist2p was localized in patch-like structures
whereas Hxt1p-CFP displayed an even distribution at
the PM. Some of the Hxt1p-CFP signal localized to bright
dot-like structures next to the weaker vacuolar staining,
indicating some endocytosis and degradation of Hxt1p-
CFP (Figure 3Ca).
In yeast, two different type V myosins are responsible
for the transport of mRNAs, vesicles, and organelles into
growing daughter cells along polarized actin filaments:
Myo4p mediates the transport of mRNAs whereas
Myo2p is required for transport of vesicles and organ-
elles [7]. Consistent with results obtained by Takizawa
and colleagues, myo4/she1 mutants failed to localize
IST2 mRNA at the daughter cell cortex (Figure 3Ck) and
did not accumulate Ist2p at the PM of daughter cells
(Figure 3Ch; [2]). Hxt1p localization, however, remained
unchanged (Figure 3Cg).
A block of Myo2p-mediated vesicle transport (myo2-
66) by parallel induction and 150 min shift to 37C led
to the accumulation of Hxt1p-CFP in vesicles and to a
strong reduction at the PM (Figure 3Cm). Under the
same conditions, IST2 mRNA localization remained as
in wild-type (Figure 3Cq) and, importantly, the Myo2p-
dependent block of vesicle transport had no effect on
Ist2p distribution (Figure 3Cn). These results clearly
demonstrate that budding yeast employs two distinct
Figure 2. Localization of Ist2p to the Daughter Cell Depends on the transport systems to deliver membrane proteins into
mRNA Transport Machinery daughter cells: the classical Myo2p-dependent trans-
The left panels show fluorescence of GFP-Ist2p and the right panels port of vesicles and a Myo2p-independent mechanism
Nomarski pictures of wild-type (A and B), she1/myo4 (C and D), used by Ist2p. Since trafficking of Ist2p does not take
and she2 cells (E and F).
part in the bulk vesicular flow to the emerging bud,
transport of its mRNA may constitute a mechanism to
compensate for the absence of vesicular transport.The septin diffusion barrier at the bud neck [2] ensures
separation of newly synthesized Ist2p in the daughter
cell from older Ist2p in the mother, and in mRNA trans- Transport of Ist2p Is Independent of the Classical
port mutants leads to exclusion of Ist2p from the daugh- Secretory Pathway
ter cell. Since Ist2p is an integral membrane protein, we ex-
pected that the protein would traverse all compartments
of the standard secretory pathway, namely ER, Golgi,Localization of Ist2p Is Independent of Myo2p-
Mediated Vesicular Transport and secretory vesicles, to finally reach the PM. To inves-
tigate if the localization of Ist2p at the PM involves trans-In order to analyze the transport mechanism by which
Ist2p reaches the PM, we wished to compare the traf- port via the classical secretory pathway, we coex-
pressed YFP-Ist2p and Hxt1p-CFP in sec23-1 mutants,ficking of Ist2p with a PM protein that employed the
classical secretory pathway. Therefore, we constructed which fail to generate COPII-coated vesicles at the ER,
resulting in the proliferation of ER-like structures andyeast strains coexpressing the CFP-tagged hexose
transporter Hxt1p (Hxt1p-CFP) and the YFP-tagged morphological alterations of cortical ER [4, 8]. After in-
duction of expression with 2% galactose for 60 minIst2p (YFP-Ist2p) under control of the inducible GAL1
promoter (Figure 3A). This strategy allowed us to switch and 30 min shift to 37C to establish the temperature
sensitive phenotype, Hxt1p-CFP accumulated in intra-on expression of the tagged proteins within an hour after
shifting from raffinose- to galactose-containing medium cellular membranous structures (Figure 4Aa). Interest-
ingly, the same cells still displayed surface expression(Figure 3B) and to follow the fate of the newly synthe-
sized proteins under restrictive conditions in conditional of YFP-Ist2p and showed no accumulation of YFP-Ist2p
in Hxt1p-containing structures (Figure 4Ac). In sec12-4mutants by shifting the growth temperature from 25C
to 37C. mutants we obtained similar results: Hxt1p-CFP accu-
mulated in ER-like structures whereas YFP-Ist2p wasStrong induction of YFP-Ist2p and Hxt1p-CFP in wild-
type cells led to the accumulation of both YFP-Ist2p and exclusively located at the PM (Figures 4Ae and 4Af).
SEC12 encodes a guanine-nucleotide exchange factorHxt1p-CFP at the PM of daughter cells (Figures 3Ca
and 3Cb). We hypothesize that transport of mRNA and for Sar1p, which is required for vesicle formation on the
ER membrane [9]. Taken together, these data indicatevesicles into the growing daughter cell are responsible
Sec-Independent Trafficking of Ist2p
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Figure 3. mRNA Localization, but Not the Transport, of Secretory Vesicles Mediates the Localization of Ist2p to the PM of Daughter Cells
(A) Scheme of the expression constructs used.
(B) Wild-type cells expressing YFP-Ist2p grown at 25C in raffinose-containing medium were shifted into 2% galactose-containing medium
at 37C. Expression of YFP-Ist2p and Kar2p was analyzed by immunodetection at the indicated time points.
(C) Wild-type, she1/myo4, and myo2-66 cells coexpress Hxt1p-CFP (green) and YFP-Ist2p (red) under the control of the GAL1 promoter.
Wild-type and she1/myo4 cells were shifted for 120 min at 25C into galactose-containing medium. myo2-66 mutants were shifted for 150
min at 37C into galactose-containing medium. (Ce), (Ck), and (Cq) show localization of IST2 mRNA by FISH.
that Ist2p is not retained in the ER by blocking COPII- 4B). At nonpermissive conditions expression of YFP-
Ist2p was reduced. However, complete accessibility tomediated vesicle formation.
We next asked if inhibiting events further downstream pronase confirmed the PM localization of YFP-Ist2p. As
a control for the intactness of intracellular membranesof the standard secretory pathway could block Ist2p
secretion. Coexpression experiments in sec7-1 mutants, and for the block of secretion in the sec23-1 strain at
37C we showed the accumulation of a protected formwhich display ER to Golgi and intra Golgi-trafficking
defects [10], and in sec1-1 mutants, which have a block of the PM protein Gas1p (Gas1p*, Figure 4B) [11].
Since Ist2p was not transported by the classical routein exocytosis [8], showed after 60 min induction at 25C
and 120 min shift to 37C accumulation of Hxt1p-CFP from the ER through the Golgi and did not require Sec1p-
mediated fusion of vesicles with the PM for surfacein Golgi and vesicular structures, respectively (Figures
4Ai and 4Am). These secretion mutants expressed YFP- expression, we propose that Ist2p uses a novel, SEC-
independent pathway to reach the PM.Ist2p at the PM without showing any colocalization with
Hxt1p-CFP containing intracellular structures (Figures Transport of IST2 mRNA to the daughter cell cortex
and absence of perinuclear ER in small- and medium-4Ak and 4Ao).
To rule out that YFP-Ist2p reached the PM before the sized daughter cells suggest that Ist2p is synthesized
at specific domains of the cortical ER. The existence ofonset of restrictive conditions, we repeated the traffick-
ing experiments in sec mutants with a parallel induction specialized ER is also supported by observations in
other cell types. For examples in Xenopus oocytes, Vg1of the GAL1 promoter and 120 min shift to 37C. Al-
though the expression of YFP-Ist2p and Hxt1p-CFP was mRNA is localized to the maternal ER of the vegetal
hemisphere. In rice endosperm seed storage proteinweak, YFP-Ist2p localized to the PM, whereas Hxt1p-
CFP accumulated in intracellular structures (Figure S1). mRNAs are localized to distinct ER membranes [12–14].
However, alternatively to synthesis of Ist2p at the corti-Since PM and cortical ER could not be distinguished by
fluorescence microscopy, we investigated the localiza- cal ER we presently cannot rule out that Ist2p could be
translated in the cytoplasm followed by direct insertiontion of YFP-Ist2p in sec23-1 cells grown for 120 min in
2% galactose at 25C and 37C by its accessibility to into the PM.
The close contact in yeast of cortical ER and PM mightpronase. In cells grown at permissive conditions pro-
nase digested the majority of intact YFP-Ist2p (Figure be involved in the trafficking of Ist2p to the PM. This
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Figure 4. YFP-Ist2p Localization at the PM Is
Independent of ER to Golgi-, Intra Golgi- and
Golgi-to-PM transport.
(A) sec23-1, sec12-4, sec7-1, and sec1-1 cells
coexpress Hxt1p-CFP (green) and YFP-Ist2p
(red) under the control of the GAL1 promoter.
All cells were shifted for 60 min at 25C from
raffinose- into galactose-containing medium.
sec23-1 and sec12-4 cells were then incu-
bated for additional 30 min, and sec7-1 and
sec1-1 cells for 120 min at 37C.
(B) YFP-Ist2p localizes at the cell surface in
sec23-1 mutants. sec23-1 cells were grown
for 120 min in galactose-containing medium
at 25C or 37C and then were treated for 15
min with 800 U/ml pronase at 37C. Mem-
branes were separated on SDS-PAGE and
incubated with GFP- or Gas1p-specific anti-
bodies.
Pma1p-specific antibodies, H. Riezman for Gas1p-specific antibod-pathway would only require a simple budding and fusion
ies, K. Meese for the production of the Karp2-specific antibodies,mechanism or a physical contact between the two
M. Pool and B. Schwappach for helpful comments on the manu-neighboring membranes. The latter possibility has been
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where localized mRNAs serve as templates for local
synthesis of membrane or secreted proteins. References
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